Abstract. Atrial fibrillation (AF) is the most frequently occurring, persistent cardiac arrhythmia, and the hallmark of AF-dependent structural remodeling is atrial fibrosis. Connective tissue growth factor (CTGF) is important in the process of fibrosis. The association between miRNA and CTGF in AF-dependent fibrosis remains to be elucidated. The present study aimed to determine if microRNA (miR)-132 was able to regulate CTGF with an anti-fibrotic effect in AF. A total of ten dogs or patients were assigned to control (n=4) and AF groups (n=6). The left atrium of dogs or right atrial appendage of patients was observed. Following this, cardiac fibroblasts of adult rats were treated with or without angiotensin II (Ang II). Furthermore, cardiac fibroblasts were transfected with miR-132 mimics, inhibitor or negative control. The expression of miR-132 and CTGF were analyzed by reverse transcription-quantitative polymerase chain reaction or western blotting. These analyses demonstrated that miR-132 expression was decreased and CTGF increased in the human and canine models with AF. The expression of miR-132 and CTGF protein levels were upregulated in Ang II stimulated cardiac fibroblasts of adult rats. Furthermore, when miR-132 was introduced into cardiac fibroblasts, the expression of miR-132 increased significantly whereas the expression of CTGF decreased. Inverse results were observed when cardiac fibroblasts were transfected with miR-132 inhibitor. The luciferase reporter assay was then performed to confirm that miR-132 may suppress CTGF expression by binding to its 3'-untranslated region. In conclusion, miR-132 may target CTGF in regulating fibrosis in Ang II-treated cardiac fibroblasts. These findings may aid in providing potential therapeutic targets in the treatment of AF.
Introduction
Atrial fibrillation (AF) is the most frequently occurring and persistent cardiac arrhythmia (1) . Electrophysiological and structural remodeling contributes to the generation of AF (2) . Atrial fibrosis is a hallmark of structural remodeling in the heart (3) and AF is promoted by atrial fibrosis (4) . Cardiac fibroblasts (CFs) account for ~70% cells in the heart (5) . CFs synthesize extracellular matrix (ECM) proteins to develop cardiac fibrosis (6) . Furthermore, it has been demonstrated that the rennin-angiotensin system is important in the occurrence of AF (7) . Angiotensin II (Ang II) appears to be associated with AF, which has a key role in cardiac remodeling and fibrosis through the promotion of cell proliferation and ECM synthesis (8, 9) . Increasing evidence suggests numerous regulated factors may participate in atrial fibrosis (10) .
MicroRNAs (miRNAs) are small non-coding RNAs of 18-25 nucleotides, which bind to the 3'untranslated region (UTR) of target mRNAs to block translation or induce degradation of mRNA (11) . Accumulating evidence demonstrates that miRNAs are important in the pathogenesis of fibrosis (12) . miR-21 has previously been demonstrated to be associated with fibrosis of the atrial myocardium by targeting Sprouty 1 (13) . miR-133 and miR-30 are anti-fibrotic and control the structural alterations that are evident in chronic AF (14) . miR-29 has been hypothesized to enhance the cardiac fibrotic response (15) . miR-132 is transcribed under the regulation of cAMP response element binding protein (CREB), which is a known Ang II regulated gene (16) . Ang II upregulates the levels of miR-132 in CFs (17) . A previous study demonstrated that miR-132 is involved in the vascular smooth muscle dysfunction mediated by Ang II (18) . The overexpression of miR-132 in pancreatic adenocarcinoma tissues stimulates the proliferation of pancreatic cancer Panc-1 cells (19) . The inhibition of miR-132 in human lung cancer H1299 cells may reduce tumor tissue proliferation and angiogenesis (20) . However, the role of miR-132 in fibrosis remains largely unknown.
Connective tissue growth factor (CTGF) has been demonstrated as a secreted protein and may promote ECM synthesis (21) . The induction of ECM synthesis occurs in parallel with the generation of fibrosis (22) . It has previously been identified that CTGF is a potent pro-fibrotic factor in AF (23) . CTGF may be upregulated and may subsequently induce atrial fibrosis in AF patients via the tumor growth factor (TGF)-β1 and mothers against decapentaplegic signaling pathways (24) . In addition, Ang II induces cardiac fibrosis and is widely regarded as an important amplifier of the profibrogenic actions of TGF-β1 in a variety of tissues (25) . Furthermore, CTGF is a downstream factor of TGF-β1 in the setting of Ang II-induced cardiac fibrosis (26) . CTGF may be induced by Ang II in the hearts of perfused rats (23) . A previous study revealed that CTGF is regulated by two primary cardiac miRNAs, miR-133 and miR-30 (27) . However, regulation of CTGF by miRNA functioning in fibrosis has not yet been identified.
The present study hypothesized that miR-132 may regulate the CTGF gene involved in fibrosis. Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and western blot analysis revealed that miR-132 targeted CTGF and corresponding mRNA and protein expression levels were detected in canine and human pathological models with AF. The role of miR-132 in inhibiting fibrosis by targeting CTGF was verified. The findings of the present study provide a novel mechanism in AF, where the upregulation of the expression of CTGF and downregulation of miR-132, may suggest a molecular mechanism associated with the development of AF-dependent fibrosis.
Materials and methods
Animal studies. The animal experiments in the present study were approved by the Animal Care and Use Committee of Henan Provincial Hospital, Zhengzhou University (Zhengzhou, China). All protocols were conducted following guidelines of the National Animal Research Center.
Beagle dogs (n=10, 12-16 months of age, female and male, body weight 10.5±2.3 kg) were supplied by the Lab Animal Center of Henan Provincial Hospital, Zhengzhou University. Dogs were kept in separate cages with an ambient temperature of 24˚C and 45% humidity, with a 14 h light/dark cycle and were fed a standard diet with ad libitum access to food and water.
A total of six dogs had an atrial pacemaker implanted, as previously described (28) . Dogs were anesthetized using pentobarbital (30 mg/kg) and butorphanol (0.3 mg/kg). During the surgery, body temperatures were maintained at >37˚C. Heart rate and rhythm were monitored using an electrocardiogram. A catheter was inserted in the right femoral artery to monitor the arterial blood pressure and arterial oxygen pressure. A total of two screw-in bipolar electrode leads were inserted via the right internal jugular vein and fixed to the right atrial (RA) appendage. The first electrode lead was tunneled subcutaneously to the posterior cervical region and exteriorized and the other was connected to an atrial pacemaker (600 bpm; SIP501; Star Medical Co., Ltd., Tokyo, Japan) in a subcutaneous pocket created in the neck. Atrioventricular conduction was preserved. The no-paced sham dogs (n=4) received the same surgery without being implanted with an atrial pacemaker.
A total of 8 weeks following implantation, animals were euthanized by intravenous administration of sodium pentobarbital (300 mg/kg). Following this, the left atrium samples were removed from all the dogs. The samples were then washed with 0.9% saline to remove blood, placed into liquid nitrogen immediately and stored at -80˚C until further use.
Patient studies. The right atrial appendage samples of 10 patients (5 male and 5 female) who had undergone coronary bypass surgery at the start of the investigation at Henan Provincial Hospital, Zhengzhou University (Henan, China) were used in the present study. Patients were selected to participate in the present study from September 2011 to November 2013. All patients were under the age of 65, six were diagnosed with AF (AF group) and 4 with no history of AF [sinus rhythm (SR) group] (Table I) . Furthermore, those who had severe renal or liver dysfunction, infective endocarditis, hyperthyroidism, hypertension or diabetes were excluded from the study. Prior to the establishment of coronary bypass surgery in patients, 150 mg right atrial appendage specimens with an area ~1.0x0.5x1.0 cm were taken. Patients with sinus rhythm served as controls (n=4). The samples were washed with 0.9% saline to remove blood, placed into liquid nitrogen immediately and stored at -80˚C until further use. The study was approved by the Ethics Committee of the Henan Provincial Hospital, Zhengzhou University and informed written consent was obtained from patients.
Isolation and culture of rat cardiac fibroblasts. Twenty Sprague-Dawley (SD) rats (aged 6-8 weeks) were purchased from the Laboratory Animal Center of Shanghai Institutes for Biological Science (Shanghai, China). The male rats weighing 250-300 g were used to obtain cardiac fibroblasts. All rats were housed separately in a room where the temperature remained between 20-26˚C, relative humidity was 40-70%, at a 12 h light/dark cycle and were fed a standard diet with ad libitum access to food and water.
The rats were deeply anesthetized with isoflurane (5%) and sacrificed by cervical dislocation. Following rapid excision of the hearts of rats, fibroblasts were isolated by enzymatic digestion with a collagenase/trypsin solution. Following 2 h of attachment to the uncoated culture plates, the attached cells were washed and cultured in plating medium. Following 2 days of culture, the cells were amplified in Dulbecco's modified Eagle's medium (DMEM; Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 20% FBS and incubated at 37˚C, in a humid chamber in an environment containing 5% CO 2 . When the cells reached 80% confluence, the medium was removed and a serum-free DMEM medium added, containing 1 µmol/l Ang II (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). , 10
-5 mol/l) for 24 h and the expression of miR-132 and CTGF confirmed that 10 -7 mol/l was the optimal concentration. Cells were then treated for differing time lengths (including 6, 12, 24 and 48 h) with 10 -7 mol/l Ang II the expression levels of miR-132 and CTGF were detected to verify that 24 h was the optimal time. Cells were treated with 10 -7 mol/l Ang II for 24 h and cells cultured in the medium without Ang II were used as control. Cells were then harvested and stored at -80˚C for further study.
Transfection. The mouse miR-132 mimics, inhibitors and scramble miR negative control (NC) were purchased from Invitrogen (Thermo Fisher Scientific, Inc.) and were introduced into cardiac fibroblasts of SD rats at a final concentration of 50 nM. All cell transfections were performed using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. Following 48 h of transfection, cells were harvested for further analysis. The sequences of miR-132 mimics, inhibitors and scramble miR NC are as follows: 5'-UAA CAG UCU ACA GCC AUG GUC GAC CAU GGC UGU AGA CUG UUA UU-3' for miR-132 mimics; 5'-CGA CCA UGG CUG UAG ACU GUU A-3' for miR-132 inhibitors and 5'-CAG UAC UUU UGU GUA GUA CAA-3' for scramble miR NC.
RT-qPCR. Total RNA was extracted using TRIzol ® (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol (29) . cDNA was then synthesized via reverse-transcription using a cDNA synthesis kit (Takara Bio, Inc., Otsu, Japan). The RT-qPCR was performed using a SYBR PrimeScript miRNA RT-PCR kit (Takara Bio, Inc.) on an ABI 7900 thermocycler (Applied Biosystems; Thermo Fisher Scientific, Inc.). Cycling conditions were as follows: An initial predenaturation step at 50˚C for 2 min and 94˚C for 10 min followed by 40 cycles of denaturation at 94˚C for 15 sec, annealing at 58˚C for 15 sec and elongation at 72˚C for 30 sec. U6 small RNA or GAPDH was used as an internal control. The relative expression of mRNA or miRNA was calculated by the 2 -ΔΔCq method (30) . The primers used in the current study are presented in Table II .
Western blotting. The methods used in the present study for western blot analysis were conducted as previously described (31) . In brief, tissues or cells were lysed in NP-40 buffer containing 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% NP-40, 1 mM EDTA and protease inhibitor (Roche Diagnostics, Basel Switzerland). The protein concentration was quantified using a bicinchoninic acid assay kit (Beyotime Institute of Biotechnology, Haimen, China). Subsequently, the proteins (40 µg) were separated by 10% SDS-PAGE and then transferred to a polyvinylidene membrane (EMD Millipore, Billerica, MA, USA). The membranes were blocked for 1 h at room temperature using 5% non-fat milk. Following this, the membranes were incubated with primary antibodies against CTGF (1:500; cat. no. sc-365970; Santa Cruz Biotechnology Inc., Dallas, TX, USA) or GAPDH (1:1,000; cat. no. 3683; Cell Signaling Technology, Inc., Danvers, MA, USA) overnight at 4˚C. After that, the membranes were washed 3 times for 10 min each with Tris-buffered saline containing 0.1% Tween (TBS-T), followed by incubation with horseradish peroxidase-conjugated IgG secondary antibodies (1:5,000; cat. no. sc-280786; Santa Cruz Biotechnology, Inc.) for 1 h at room temperature. Blots were visualized by ECL Detection Reagents (GE Healthcare Life Sciences, Little Chalfont, UK) and the expression level of CTGF protein was calculated by densitometry of CTGF, relative to that of GAPDH. Densitometry of the bands was quantified with ImageJ software version 1.47 (National Institutes of Health, Bethesda, MA, USA).
Luciferase reporter assay. Total cDNA from cardiac fibroblasts was used to amplify the 3'UTR of CTGF by PCR. The CTGF 3'UTR was cloned into pGL3 luciferase reporter (Promega Corporation, Madison, WI, USA), yielding pGL3-CTGF. Mutations were introduced in potential miR-132 binding sites using the QuikChange site-directed mutagenesis kit (Agilent Technologies, Inc., Santa Clara, CA, USA). Following this, 1 µg constructs were co-transfected with 1 µg miR-132 mimic or NC into the cardiac fibroblasts using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. At 48 h post-transfection, luciferase activities were determined using the Dual-Luciferase Reporter Assay system (Promega Corporation) according to the manufacturer's protocol. Reporter luciferase activity was normalized to the luciferase activity of the internal control Renilla.
Statistical analysis. Statistical data were presented as the mean ± standard deviation. SPSS software, version 16.0 (SPSS, Inc., Chicago, IL, USA) was used for statistical analysis. Differences between two groups were evaluated by unpaired Student's t-test. Multigroup comparisons were conducted using two-way analysis of variance followed by Bonferroni post hoc tests. P<0.05 was considered to indicate a statistically significant difference.
Results

miR-132 is downregulated in canine and human atrial fibrillation samples.
In order to determine the expression of miR-132, RT-qPCR was performed in samples from dogs and patients with or without AF. As presented in Fig. 1A , the expression of miR-132 was significantly downregulated in the dogs with AF compared with control. Furthermore, statistical analysis verified that the relative expression of miR-132 decreased in the dogs with AF compared with control (Fig. 1B) . It was additionally revealed that the expression of miR-132 in the patients with AF was decreased compared with control ( Fig. 1C and D) .
CTGF mRNA and protein levels are upregulated in canine and human samples with atrial fibrillation. In order to detect the expression of CTGF, RT-qPCR and western blot analysis were conducted on samples from dogs and patients with or without AF. As presented in Fig. 2A , significant upregulation of CTGF mRNA expression was observed in the dogs with AF compared with control. Similar results were detected in the patients with AF (Fig. 2B) . Furthermore, the protein expression levels of CTGF were increased significantly in the dogs with AF compared with control ( Fig. 2C) , a trend that was additionally observed in the patients with AF (Fig. 2D) .
miR-132 and CTGF expression levels are upregulated in cardiac fibroblasts treated with Ang II.
To evaluate the expression of miR-132 and CTGF in cardiac fibroblasts treated with Ang II, RT-qPCR and western blot analysis were carried out. As demonstrated in Fig. 3A , miR-132 increased in cardiac fibroblasts treated with Ang II compared with Ang II-non-treated negative control group. Furthermore, the statistical analysis revealed similar results (Fig. 3B) . In addition, the protein expression levels of CTGF were upregulated significantly when cardiac fibroblasts were treated with Ang II, compared with the Ang II-non-treated negative control group ( Fig. 3C and D) .
miR-132 inhibits the expression of CTGF in cardiac fibroblasts.
To detect the potential role of miR-132 in the expression of CTGF, the cardiac fibroblasts were transfected with miR-132 mimics, miR-132 inhibitor or NC vector.
The introduction of miR-132 upregulated the expression of miR-132 and downregulated the expression of CTGF mRNA in the cardiac fibroblasts compared with NC group. In addition, the expression of miR-132 decreased significantly and the expression of CTGF mRNA increased in cardiac fibroblasts transfected with miR-132 inhibitor, compared with NC transfected group (Fig. 4A ). This was verified by statistical analysis, presented in Fig. 4B . Furthermore, the expression of CTGF protein levels was downregulated when cardiac fibroblasts were transfected with miR-132 mimics, compared with NC. However, the cardiac fibroblasts transfected with miR-132 inhibitor exhibited the opposite trend (Fig. 4C) . Subsequently, the statistical analysis of the expression of CTGF at protein level demonstrated similar results (Fig. 4D) .
CTGF is a direct target of miR-132.
To further confirm that CTGF was a direct target of miR-132, a dual-luciferase reporter system was used. Co-expression of miR-132 significantly inhibited the luciferase reporter activity of the wild-type 3'-UTR, however not the mutant 3'-UTR in cardiac fibroblasts (Fig. 4E) . The results indicated that miR-132 suppressed CTGF expression by binding to its 3'-UTR.
Discussion
The primary findings of the present study were as follows. Firstly, the expression of miR-132 was observed to be decreased, whereas the expression of CTGF increased significantly in dogs or patients with AF. Upregulation of miR-132 and CTGF was observed in Ang II-treated cardiac fibroblasts, demonstrating their key role in fibrosis. The expression of CTGF was downregulated when cardiac fibroblasts were transfected with miR-132 mimics, whereas cardiac fibroblasts transfected with miR-132 inhibitor demonstrated the opposite tendency, suggesting miR-132 may downregulate the expression of CTGF. The miRNA, miR-132, has been identified as a target of the transcription factor, CREB, through a genome-wide screen (32) . Analysis of the miRNA expression profile in cardiac fibroblasts treated with Ang II, suggests that miR-132 is markedly upregulated (17) . A previous study additionally revealed that miR-132 is upregulated by Ang II in HEK293N cells, and is associated with various cardiovascular diseases including myocardial infarction, hypertrophy and fibrosis (33) . Additionally, miR-132 has been demonstrated as an angiogenic switch and a growth promoter in the endothelium by activating Ras signaling (34) . In the present study, the increase of miR-132 levels in samples treated with Ang II was consistent with previous studies. Furthermore, Ang II, which is mediated via Ang II receptor type 1, is used to induce cardiac fibrosis (35) . These findings indicated that miR-132 exhibits a key role in cardiac fibrosis. However, the genes which are regulated by miR-132 in cardiac fibrosis are still unknown.
The present study demonstrated that CTGF may be regulated by miR-132 and may therefore exhibit an anti-fibrotic effect in cardiac fibroblasts. It was demonstrated that in Ang II-induced fibrosis, Ang II increased CTGF gene expression and CTGF may be a mediator of the mechanisms induced by Ang II (36) . Adam et al (37) demonstrated that CTGF increases in the left atrium of patients with AF and is associated with increased fibrosis and increased levels of Ang II (37). Li et al (24) revealed that the expression of CTGF is elevated in atrial tissue of patients with AF and the upregulation of CTGF contributes to atrial structural remodeling, thereby leading to AF (24) . The present study suggested that the expression of CTGF was upregulated in the dogs or patients with AF and the CTGF gene was additionally expressed at a high level in Ang II treated cardiac fibroblasts. The results were in accordance with the aforementioned studies.
It has previously been demonstrated that miR-133a acts to regulate CTGF expression as a repressor in the regulation of cardiac fibrosis (38) . miR-133 or miR-30c decrease CTGF expression levels to regulate structural alterations in the extracellular matrix (ECM) of the myocardium (27) . The direct binding of miR-133 to CTGF 3'UTR has already been demonstrated by the use of luciferase assays (27) . In addition, miR-18a and miR-19b regulate CTGF expression in the heart to control the surrounding ECM of cardiomyocytes (39) . The present study, to the best of our knowledge, is the first to reveal that CTGF may be regulated by miR-132 and alleviate fibrosis in the heart. The findings of the present study help to expand the knowledge and understanding of the roles and association of miR-132 and CTGF in AF.
In conclusion, the results of the present study demonstrated that miR-132 was downregulated in canine or human samples with AF. miR-132 may alleviate fibrosis in cardiac fibroblasts by downregulating the expression of CTGF. The findings suggest a novel mechanism for future research to explore the function of miR-132 and CTGF in AF-induced fibrosis and may provide a potential therapeutic target for the treatment of AF in the future. 
